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Introduction: Recently several new approaches were emerging in bone tissue engineering
to develop a substitute for remodelling the damaged tissue. In order to resemble the native
extracellular matrix (ECM) of the human tissue, the bone scaffolds must possess necessary
requirements like large surface area, interconnected pores and sufﬁcient mechanical strength.
Materials and methods: A novel bone scaffold has been developed using polyurethane (PE)
added with wintergreen (WG) and titanium dioxide (TiO2). The developed nanocomposites were
characterized through ﬁeld emission scanning electron microscopy (FESEM), Fourier transform
and infrared spectroscopy (FTIR), X-ray diffraction (XRD), contact angle measurement, thermo-
gravimetric analysis (TGA), atomic force microscopy (AFM) and tensile testing. Furthermore,
anticoagulant assays, cell viability analysis and calcium deposition were used to investigate the
biological properties of the prepared hybrid nanocomposites.
Results: FESEM depicted the reduced ﬁbre diameter for the electrospun PE/WG and PE/
WG/TiO2 than the pristine PE. The addition of WG and TiO2 resulted in the alteration in
peak intensity of PE as revealed in the FTIR. Wettability measurements showed the PE/WG
showed decreased wettability and the PE/WG/TiO2 exhibited improved wettability than the
pristine PE. TGA measurements showed the improved thermal behaviour for the PE with the
addition of WG and TiO2. Surface analysis indicated that the composite has a smoother
surface rather than the pristine PE. Further, the incorporation of WG and TiO2 improved the
anticoagulant nature of the pristine PE. In vitro cytotoxicity assay has been performed using
ﬁbroblast cells which revealed that the electrospun composites showed good cell attachment
and proliferation after 5 days. Moreover, the bone apatite formation study revealed the
enhanced deposition of calcium content in the fabricated composites than the pristine PE.
Conclusion: Fabricated nanocomposites rendered improved physico-chemical properties,
biocompatibility and calcium deposition which are conducive for bone tissue engineering.
Keywords: polymer, TiO2/wintergreen, surface properties, apatite formation, tissue
engineering
Introduction
In bone tissue engineering, the several new promising approaches were emerging as a
biological alternative for remodelling the damaged tissue. In designing bone scaffolds,
several requirements are necessary such as large surface area, interconnected pores and
sufﬁcient mechanical strength in order to mimic the extracellular matrix (ECM) of the
human tissue.1–3 The ﬁbres developed using polymeric structures can provide a large
surface area with interconnected pores which can be utilized for various tissue engi-
neering applications.4 For the fabrication of ﬁbres, various technologies were used such
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as drawing, self-assembly, phase separation, template synth-
esis, electrospinning, etc.,5 Recently, the bone scaffold based
on electrospinning technique has gained a great deal of
attraction because of their structural similarity with the native
bone extracellular matrix.6 Electrospinning (ES) is the ver-
satile and efﬁcient technique used for making polymeric
ﬁbres with size ranging from micrometer to nanometer
range. The physics behind the electrospinning technique is,
when a high electric ﬁeld is applied to the polymer solution
leads to the formation of polymer jet. If the applied voltage
overcomes the threshold value, it results in the ﬁne ﬁbres that
deposited on the collector plate.7
Electrospinning is used to spin nano-ﬁbrous structures
from natural to synthetic polymers. The natural polymers
like collagen, chitosan and silk ﬁbroin whereas synthetic poly-
mers like poly(L-lactide) (PLA), polycaprolactone (PCL) and
polyurethane are electrospun widely.3 For the last few years,
this technique was found to be widespread in biomedical
applications such as drug delivery, wound dressing, tissue
engineering scaffolds and also in medical implants.8–13 In
this research, the bone scaffold was fabricated using polyur-
ethane as a matrix via electrospinning. It was selected because
of their excellent oxidative stability and biodegradability
behaviour.14,15 Owing to their desirable characteristics, the
electrospun polyurethane ﬁbres were widely used in various
biomedical applications such as tissue engineering of skin,
bone and graft.16–18 Themost important strategy in the design-
ing of the bone scaffold is it should promote cell attachment
for osteogenic differentiation and also have sufﬁcient mechan-
ical strength to support the new bone tissue.19 Various types of
approaches have been explored in the bone tissue engineering
for the past few years to improve the signiﬁcant parameters
like cellular response and their mechanical strength.20
Unnithan et al blended emu oil into PE and observed that the
fabricated composite membranes enhanced cell adhesion and
proliferation.16 In another study, Jaganathan et al fabricated
electrospun PE composite mixed with neem oil and sunﬂower
which showed improved cellular response and suggested it as
a suitable candidate for bone tissue engineering.21 These
works of literature showed that the essential oil plays a vital
role in inﬂuencing the cellular response. Silva et al fabricated
electrospun alginate nanoﬁbrous loaded with magnesium
oxide and observed the improvement in the tensile strength.22
Tobías et al electrospun poly(D,L-lactide) (PLA) mat deco-
rated with zinc oxide (ZnO) and it was reported to possess
improvedmechanical strength.23 Hence, it was evident that the
metallic particles play an important role in inﬂuencing the
mechanical strength of the composites. In this research, win-
tergreen (WG) oil and titanium dioxide (TiO2) were selected.
The use of oils is widely practiced in traditional treat-
ments to alleviate the bone-related pain. Usually, the essen-
tial oils obtained from plants possess medicinal properties
like anti-inﬂammatory, antiseptic and antispasmodic.24
These properties would help in reducing the pain created
in muscle and joint.G. procumbens belongs to the Ericaceae
family which is an evergreen shrub and widely found in the
eastern parts of North America.25 The essential oil based on
wintergreen is reported to rich in methyl salicylate used for
ﬂavouring candies, chewing gums, mouthwashes and
toothpaste.26 It is also used in clinical applications for the
treatment of cellulites.27 The chemical components of WG
are limonene, β-pinene, α-pinene, sabinene, myrcene,
fenchone, menthone and methyl salicylate.25 Moreover,
this essential oil was reported to possess moderate antibio-
ﬁlm, antimicrobial, antioxidant and antiradical activity.25
Tissue engineering scaffolds added with TiO2 showed to
be improved biological responses. Wang et al studied the
osteogenic potential of electrospun poly(vinyl pyrrolidone)-
titania-silica (PVP-TiO2-SiO2) nanoﬁbres. The results indi-
cated that the PVP-TiO2-SiO2 nanoﬁbre meshes inﬂuenced
the osteogenic potential.28 Adhikari et al developed electro-
spun porous TiO2 nanoﬁbres for bone tissue engineering
and observed that the porous TiO2 nanoﬁbres showed
improved biocompatibility for bone regeneration compared
to the other non-porous TiO2.
29 Hence, these studies moti-
vated us to use TiO2 in this research. The scope of this work
is to generate and test the electrospun bone scaffold based
on polyurethane decorated with TiO2 and WG oil.
Materials And Methods
Materials
Tecoﬂex EG-80A (polyether medical-grade polyurethane)
was supplied by Lubrizol, Wickliffe, OH, USA. PE was
dissolved using dimethylformamide (DMF) solvent
obtained from Merck, Burlington, NJ, USA. WG oil was
purchased locally market AEON, Johor, Malaysia, while
TiO2 was supplied form Sigma Aldrich, Gillingham, UK.
The reagents used for coagulation study were procured
from Diagnostic Enterprise, Thiruvananthapuram, India.
Preparation Of Polymer Solution
PE in DMF solution was prepared at 9 wt% and stirring
for 12 hrs at room temperature for a homogenous solution.
Aqueous WG solution was prepared at 4 v/v% by adding
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120 µL in 3 mL of DMF and stirred for 1 hr at room
temperature. Similarly, 4 wt% of colloidal TiO2 solution
was obtained by adding 0.120 g in 3 mL of DMF and
stirred for 1 hr at room temperature, respectively. Finally,
the prepared WG and TiO2 solution was added to PE
solution to make PE/WG (8:1 (v/v%)) and PE/WG/TiO2
(8:0.5:0.5 (v/v%)) respectively.
Electrospinning Process
PE solutions and its suspensions were converted into
ﬁbrous scaffold using electrospinning technique. The pre-
pared solution was electrospun at constant processing con-
ditions with an applied voltage of 11.5 kV, collection
distance of 20 cm and a ﬂow rate of 0.3 mL/hr, respec-
tively. The electrospun ﬁbres were collected using alumi-
nium foil and vacuum dried to remove any residues
present in the fabricated membranes.
Nanoﬁbre Characterizations
Field Emission Scanning Electron Microscopy Analysis
The ﬁbre morphology of the electrospun membranes was
examined through FESEM unit (Hitachi SU8020, Tokyo,
Japan). A small piece of electrospun membranes was gold
plated at 20 mA for 2 mins and imaged at different
magniﬁcations. The average ﬁbre diameter was computed
(Image J software) using those images.
Fourier Transform Infrared Spectroscopy Analysis
The infrared (IR) spectrum of electrospun samples was
measured in Nicolet iS 5, Thermo Fischer Scientiﬁc,
Waltham, MA, USA. The attenuated total reﬂection
(ATR) crystal employed is Zinc Selenium (ZnSe). The
wavelengths for the electrospun samples were recorded
between 600 and 4000 cm−1 at 4 cm−1 resolution.
Contact Angle Measurements
Contact angle measurements were performed using a
video contact angle (VCA) contact angle unit (AST pro-
ducts, Inc., Billerica, MA, USA). This was done by pla-
cing a droplet of water on the surface and immediately an
image was captured using a video camera. From the cap-
tured image, the contact angle was measured using com-
puter integrated software.
X-Ray Diffraction (XRD) Analysis
The phase and structure of the electrospun nanoﬁbres were
evaluated using XRD analysis. The XRD pattern of the
electrospun membranes was recorded in XRD diffractometer
(Rigaku, Tokyo, Japan) having CuKα radiation and the angle
was recorded between 10° and 90°.
Atomic Force Microscopy (AFM) Analysis
Surface roughness was measured using AFM unit
(NanoWizard®, JPK Instruments, Berlin, Germany) in a
normal atmosphere. A small piece of electrospun mem-
branes was scanned in tapping mode with size area of
20 μm × 20 μm and the high-quality images were obtained
in 256 resolution.
Thermal Analysis
The thermal behaviour of electrospun membranes was
determined through thermogravimetric analysis (TGA)
unit (PerkinElmer, Waltham, MA, USA) in a nitrogen
atmosphere. For testing, 3 mg of sample was used and
the heating was done at a rate of 10°/min with the tem-
perature between 30°C to 1000°C respectively.
Tensile Testing
The tensile strength of electrospun scaffolds was calcu-
lated from stress–strain plots recorded using uniaxial tester
(Gotech Testing Machines, AI-3000). The samples with a
size of 40 mm × 15 mm were clamped in the uniaxial
tester and the gauge length, load cell and statin rate were
20 mm, 500 N and 10 mm/min, respectively. The average
tensile strength was computed and expressed in MPa.
Coagulation Assays
Prothrombin Test (PT)
The measurement of PT determines the extrinsic pathway
of the electrospun membranes. To start the assay, a small
piece of the sample was preincubated with 50 µL of
platelet-poor plasma (PPP) at 37°C. After, it was added
with 50 µL of sodium chloride (NaCl)–thromboplastin
(factor III) containing calcium (Ca2+) ions. Finally, the
time for blood clot formation was determined with the
aid of stopwatch and a steel hook.
Activated Partial Thromboplastin Time (APTT)
The measurement of APTT determines the intrinsic path-
way of the electrospun membranes. First, a small piece of
the sample was incubated with 50 µL of PPP at 37°C.
Then, it was added with 50 µL of rabbit brain encephalin
followed by adding 50 µL of calcium chloride (CaCl2)
(0.025 M). Finally, the time for blood clot formation was
determined with the aid of stopwatch and a steel hook.
Dovepress Jiang et al
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Haemolysis Test
To begin the assay, the samples were cut into small size
and equilibrated with physiologic saline at 37°C for 30
mins. Then, the equilibrated samples were incubated with
a mixture of aliquots of citrated blood and diluted saline
(4:5 (v/v %)) for 60 mins at 37°C. After incubation, the
mixtures were taken out and centrifuged at 3000 rpm for
5 mins. Finally, the optical density (OD) was recorded at
542 nm for the aspirated supernatant which indicates the
release of haemoglobin. The percentage of haemolysis or
haemolytic index was calculated using the formula:
HaemolysisratioðHRÞ¼ðTS NCÞ=ðPC NCÞ100ð30Þ
where TS, NC and PC are measured absorbance values of
the test sample, negative control and positive control at
542 nm, respectively.
Bioactivity Test
The bioactivity test was performed by soaking the electro-
spun ﬁbres in simulated body ﬂuid (SBF). The electrospun
ﬁbres of 1 × 1 cm2 were left in 1.5 × SBF (pH 7.4; 37°C)
for 14 days. After 14 days, the samples were cleaned,
dried and imaged using scanning electron microscopy
(SEM) (Hitachi Tabletop TM3000, Tokyo, Japan)
equipped with energy dispersive X-ray analyser (EDX)
to evaluate the amount of calcium deposition.
Cytocompatibility Assay
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H tetrazolium, inner salt (MTS)
assay was used to determine the cell viability of the
electrospun scaffolds. The assay was done using ﬁbroblast
cells (Human Skin Fibroblast Cells 1184, ECACC, UK,
primary cells obtained from the dermis of the skin) grown
in Dulbecco’s modiﬁed Eagle’s medium added with 10%
(v/v) fetal bovine serum and maintained at 37°C and 5%
CO2. Before seeding, the scaffold was cut into small size
and placed in 96 well plates. After this, 10 ×103 cells/cm2
were seeded onto the scaffolds in each well and cultured
for 5 days. After 5 days, the medium was added with 20%
of MTS solution and further incubated for 4 hrs.
Afterwards, OD was determined at 490 nm using micro-
plate reader to determine the cell viability.
Statistical Analysis
All biological experiments were performed three times sepa-
rately. The statistical signiﬁcance (p < 0.05) was calculated
using one way ANOVA followed by Dunnett post hoc test
and expressed as mean ± SD.
Result And Discussion
FESEM Analysis
Figure 1 depicts the FESEM images of electrospun PE,
PE/WG and PE/WG/TiO2 nanocomposites. From the
ﬁgure, it observed that the electrospun PE and their
nanocomposites had smooth ﬁbres with beadless struc-
ture. The average ﬁbre diameters of PE, PE/WG and PE/
WG/TiO2 nanocomposites were reported to be 894 ±
151 nm, 664 ± 150 nm and 566 ± 145 nm, respectively.
The ﬁbre diameter results using Image J indicated that
the PE/WG and PE/WG/TiO2 nanocomposites had
reduced ﬁbre diameter than the pure PE. The decrease
in the ﬁbre diameter was due to the addition of WG and
TiO2 into the polyurethane matrix. This behaviour was
attributed to the added constituents which had inﬂu-
enced the properties of electrospun solution. The added
constituents inﬂuenced the viscosity which eventually
led to the reduction of ﬁbre diameter.30 In a recent
study, it was reported that the decrease in polymer
concentration had reduced the ﬁbre diameter.31 In this
study, there is a decrease in polymer concentration while
adding WG and TiO2 which would have also contribu-
ted to the reduction of ﬁbre diameter of the composites.
Linh et al observed that the smaller ﬁbre diameter will
be conducive for improved osteoblast cell response.3
The reduced ﬁbre diameter of electrospun nanocompo-
sites will be conducive for new bone tissue growth.
Further EDX conﬁrmed the presence of titanium
(7.2%) in the polyurethane matrix as shown in Figure 1.
FTIR Analysis
The characteristic peaks of the electrospun PE, PE/WG,
PE/WG/TiO2 are depicted in Figure 2. The absorption
band of PE showed a broad band at 3323 cm−1 signals
the NH group and its vibrations at 1597 cm−1 and 1531
cm−1. A sharp peak is shown at 2940 cm−1, and 2854
cm−1 denotes the CH stretching and its vibrations were
seen at 1414 cm−1. The carboxylic C=O stretching is
reﬂected as twin peaks at 1702 cm−1 and 1730 cm−1,
respectively. Further, there were other peaks present
between 500 cm−1 and 1200 cm−1 region. The peaks
770 cm−1, 1105 cm−1 and 1220 cm−1 corresponds to
C-O-C and C-OH group, respectively.32,33 From the IR
spectrum of electrospun PE/WG and PE/WG/TiO2
Jiang et al Dovepress
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nanocomposites, it was observed no additional peaks
were formed but the intensity of the absorption bands
was increased with the addition of WG and TiO2. The
increase in intensity was because of hydrogen bond
formation between the molecules of WG and TiO2
with the PE molecules.16 The formation of hydrogen
bond conﬁrms the presence of WG and TiO2 in the PE
matrix.
Wettability Measurements
The contact angle measurements of electrospun PE, PE/
WG and PE/WG/TiO2 membranes were presented. It
revealed that the contact angle of PE/WG and PE/WG/
TiO2 was increased compared to pure PE. The contact
angle of PE was found to be 106 ± 2.517° whereas the
contact angle of PE/WG and PE/WG/TiO2 was observed
to be 112 ± 0.5774° and 119 ± 0.5774°, respectively. The
Figure 1 FESEM images and EDX of (A, B) PE, (C, D) PE/WG and (E, F) PE/WG/TiO2. Sample with size of 1 cm * 1 cm was cut and imaged in Hitachi SU8020 at different
magniﬁcations.
Figure 2 FTIR of PE (blue line), PE/WG (red line) and PE/WG/TiO2 (green line). Sample with size of 1 cm * 1 cm was cut and measured in wavelength range between 600
and 4000 cm−1 in Nicolet iS5.
Dovepress Jiang et al
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experimental results clearly showed that the addition of
WG and TiO2 into the PE matrix decreased the wettability
of the PE membrane. Jaganathan et al electrospun polyur-
ethane scaffold mixed with carotino oil. It was depicted
that the contact angle of PE was increased with the addi-
tion of carotino oil and concluded the reason for this
behaviour was due to their smaller ﬁbre diameter.32
Hence, in this study, the fabricated composites showed a
smaller ﬁbre diameter which would have resulted in the
decreased wettability behaviour. It has been reported that
the hydrophobic surface would facilitate the healing of
bone defects through absorption of more amount of
proteins.33 Hence, the hydrophobic surface of the newly
fabricated electrospun nanocomposites will favour the
enhanced absorption of proteins for the healing of bone
defects.
XRD Analysis
XRD pattern was obtained for the as-spun membranes to
determine the crystallinity of the membranes as indicated
in Figure 3. A broad peak showed at 20° in the pristine PE
indicates their amorphous behaviour. In the case of PE/
WG, it has only broad peak as that of PE membrane
without any additional peaks observed. For the PE/WG/
TiO2, multiple peaks at 25.270°, 36.910°, 37.771, 38.528°,
48.010°, 53.849°, 55.037°, 62.073°, 62.649° in addition to
the broad peak at 20°. The peaks shown correlate with the
planes of titanium as reported in previous studies.34
Hence, the addition of TiO2 favoured the change in crys-
talline behaviour of the pristine PE.
TGA Analysis
TGA assists the evidence for chemical interactions of PE
with the WG and TiO2 and also to evaluate the thermal
degradation behaviour. The experiment results of the ther-
mal analysis are presented in Figure 4A. The results
clearly showed that the fabricated nanocomposites dis-
played enhanced initial degradation temperature than the
pristine PE indicating their higher thermal stability. The
electrospun PE/WG and PE/WG/TiO2 nanoﬁbres showed
initial onset temperature of 289°C and 280°C, whereas the
onset temperature for pure PE was found to be only 266°
C. The weight loss curves of the electrospun nanoﬁbres
were depicted in Figure 4B and the number of weight loss
peaks are shown in Table 1. It was evident that the number
of peak weight loss was reduced in PE/WG and PE/WG/
TiO2 compared to the pristine PE suggesting its increased
thermal stability. Further, from Figure 4B, it can be
inferred that the weight loss intensity of the PE was
decreased with the addition of TiO2.
Mechanical Properties
The results of the mechanical properties of electrospun
pure PE, PE/WG and PE/WG/TiO2 nanocomposites are
indicated in Figure 5. The electrospun nanocomposites
showed higher tensile strength than the pure PE nanoﬁ-
bres. The developed PE/WG and PE/WG/TiO2 nanocom-
posites showed an average tensile strength of 10.89 MPa
and 13.85 MPa, while for PE, it was found to be 6.83
MPa, respectively. It was evident that the mechanical
performance of PE was improved by blending WG and
TiO2 nanoﬁbres. The adhesion of ﬁbres will form bonding
between the polyurethane and molecules of WG resulting
in the enhancement of the tensile strength which correlates
with the ﬁndings of Unnithan et al.16 They reported this
behaviour to the adhesive property of emu oil. Jaganathan
et al fabricated polyurethane/copper sulphate (CuSO4)
scaffold using electrospinning. It was reported that the
addition of copper sulphate resulted in the improvement
of the tensile strength and attributed it to the smaller ﬁbre
diameter of the PE/CuSO4.
35 Hence, the smaller diameter
of the fabricated composites should have a role in inﬂuen-
cing the tensile strength. Linh et al reported that the tensile
strength of 4.20 ± 0.40 suitable for bone tissue
engineering.3 Our measured tensile strength of the devel-
oped nanocomposites was found to be above reported
Figure 3 XRD images of a) PE (black line), b) PE/WG (red line) and c) PE/WG/
TiO2 (blue line). Sample with size of 1 cm * 1 cm was cut and recorded in Rigaku
having CuKα radiation in angle between 10° and 90°.
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values indicating its appropriateness as a potential candi-
date for the bone tissue regeneration.
AFM Analysis
The surface roughness of the electrospun pure PE, PE/WG
and PE/WG/TiO2 nanocomposites is measured using AFM
analysis and their 3D images are denoted in Figure 6 The
surface measurements depicted that the PE surface showed
average roughness of 776 nm and for PE added with WG
and WG/TiO2, it was found to be 474 nm and 554 nm,
respectively. The results concluded that the PE surfaces
were rougher while the incorporation of WG and TiO2
resulted in the smoother surfaces. Jaganathan et al devel-
oped bone scaffold utilizing polyurethane added with corn
and neem oil. It has been reported that the decrease in
surface roughness of prepared composites was due to the
added constituents.36 In our study, a similar decrease in
surface roughness was observed which is due to the pre-
sence of WG and titanium oxide in the polyurethane
matrix. Kim et al reported that the scaffolds with smaller
ﬁbre showed a smoother surface compared to the larger
ﬁbre diameter.37 The smoothness of the fabricated
composites is also due to their smaller ﬁbre diameter.
Ribeiro et al investigated the inﬂuence of surface rough-
ness on osteoblast cell adhesion and proliferation in poly
(L-lactide) (PLA) membranes. It was found that the fabri-
cated membranes with smoother surfaces showed
enhanced osteoblast cell response compared to the rougher
surfaces.38 Hence, our electrospun nanocomposites with
smoother surfaces will facilitate osteoblast cell growth.
Blood Compatibility Measurements
The antithrombogenic parameters of electrospun PE, PE/
WG and PE/WG/TiO2 determined via APTT and PT assay
are presented in Figure 7A and B. It was found that the
WG and TiO2 incorporation increased the blood clotting
time of the pristine PE. APTT assay displayed blood clot-
ting time of the electrospun PE/WG and PE/WG/TiO2 as
180 ± 5 s and 184 ± 4 s, and for pristine PE nanoﬁbres, it
was around 162 ± 2 s. Similarly, PT assay displayed blood
clotting time of electrospun PE/WG and PE/WG/TiO2
about 93 ± 3 s and 97 ± 2 s, and for pristine PE nanoﬁbres,
Figure 4 (A) TGA and (B) Weight residue of PE (black line), PE/WG (red line) and PE/WG/TiO2 (blue line). Sample weighing 3 mg was heated between temperature range
of 30-1000°C under nitrogen atmosphere in Perkin-Elmer TGA unit.
Table 1 Weight Loss Peaks Of The Electrospun Membranes
Peaks PE PE/WG PE/WG/TiO2
First weight loss peak 210°C to 302°C 229°C to 352°C 230° C to 325°C
Second weight loss peak 302°C to 353°C 352°C to 447°C. 325°C to 355 °C
Third weight loss peak 353°C to 494°C – 355 °C to 461 °C
Fourth weight loss peak 494°C to 760°C – –
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it was around 85 ± 1 s. Further, haemolytic assay was
performed to predict the safety of RBC with the electro-
spun membranes. The haemolysis results depicted that the
developed nanocomposites were less toxic to the red blood
cells (RBC). The value of the haemolytic index for the
pristine PE nanoﬁbres was 2.58%, and for the electrospun
PE/WG and PE/WG/TiO2, it was only 1.56% and 1.68%,
respectively, as shown in Figure 7c. According to
ASTMF756-00(2000), the haemolytic index for the devel-
oped nanocomposites was less than 2% and it was a non-
haemolytic material.32,33 The blood compatibility is
affected by several surface properties such as ﬁbre dia-
meter, wettability and surface roughness. Jaganathan et al
prepared polyurethane/neem oil membranes and observed
the increase in the blood clotting time than pure PE
because of an increase in surface roughness.39 In another
study, Jaganathan et al developed scaffold utilizing poly-
urethane added with sunﬂower and neem oil. It was shown
that the addition of sunﬂower and neem oil resulted in the
improvement of the blood compatibility behaviour and
attributed this behaviour to their smaller ﬁbre diameter
and hydrophobic behaviour.21 Hence, from this literature,
it was shown that the blood compatibility was affected by
smaller ﬁbre diameter, hydrophobicity and increase in sur-
face roughness. In this study, the addition of WG and
titanium dioxide in PE matrix exhibited smaller ﬁbre dia-
meter and hydrophobicity which would have resulted in
the improvement in the blood compatibility.
Bone Mineralisation Testing
Bone mineralisation testing was performed to evaluate
the amount of calcium deposition for the electrospun
membranes. Figure 8 depicts the morphology and EDX
graph of the electrospun scaffolds after 14 days in SBF.
The progress of mineralization for the electrospun com-
posites was higher (PE/WG- 102% and PE/WG/TiO2 –
235%) than the pristine PE. The calcium deposition
weight percentage for the pristine PE was reported to
the 5.32% and for electrospun PE/WG and PE/WG/TiO2
displayed calcium weight percentage of 10.73% and
17.84%, respectively. Hence, the addition of WG and
TiO2 increased the calcium deposition of the pristine PE
insinuating its likely potential for bone tissue
engineering.
MTS Assay
The human dermal ﬁbroblast (HDF) cell proliferation in the
electrospun PE, PE/WG and PE/WG/TiO2 is shown in
Figure 6 AFM images of (A) PE, (B) PE/WG and (C) PE/WG/TiO2. Sample with size of 1 cm * 1 cm was cut and scanned in 20 * 20 µm size with 256 * 256 pixels under
normal atmosphere in Nanowizard, JPK instruments.
Figure 5 Tensile strength of PE (black line), PE/WG (red line) and PE/WG/TiO2
(blue line). Sample with size of 4 cm * 1 0.5 cm was stretched at a cross head speed
of 10 mm/min with a 500 N load cell in Gotech Testing Machines, AI-3000.
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Figure 9. After 5 days cell culture, the HDF cells were more
compatible with the electrospun membranes compared to the
control. The pristine PE showed cell viability of 130 ±
4.348%, while the electrospun PE/WG and PE/WG/TiO2
scaffolds showed cell viability of 131 ± 11.49% and 138 ±
2.106%, respectively. The HDF cell proliferation rates for the
developed nanocomposites were higher than pristine PE. The
process of cell adhesion and proliferation to the scaffolds is
multifactorial and it was inﬂuenced by various physico-che-
mical properties such as ﬁbre diameter, wettability, surface
Figure 8 SEM images of calcium deposition of (A) PE, (C) PE/WG and (E) PE/WG/TiO2 and EDX graph showing calcium deposition of (B) PE, (D) PE/WG and (F) PE/WG/
TiO2. Samples (1 * 1 cm
2) left in 1.5x SBF (pH 7.4; 37°C) for 14 days was imaged in Hitachi Tabletop TM3000.
Figure 7 (A) APTT, (B) PTand (C) haemolytic assay of PE, PE/WG and PE/WG/TiO2. For APTTassay sample with size of 1 cm * 1 cm was added with 50 µL of platelet-poor
plasma (PPP) followed by incubating with 50 µL of reagent (rabbit brain cephaloplastin) and 50 µL CaCl2 (0.025 M) to calculate the blood clotting time. For PT assay sample
with size of 1 cm * 1 cm was added with 50 µL of platelet-poor plasma (PPP) followed by incubating with 50 µL of thromboplastin (Factor III) to calculate the blood clotting
time. For haemolytic assay samples with size of 1 cm * 1 cm added to the mixture of citrated blood and diluted saline (4:5 v/v%) for 1 hr at 37°C. After this, the samples were
centrifuged and optical density (OD) was measured at 542 nm.
Dovepress Jiang et al
International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com
DovePress
8157
 
In
te
rn
at
io
na
l J
ou
rn
al
 o
f N
an
om
ed
ici
ne
 d
ow
nl
oa
de
d 
fro
m
 h
ttp
s:
//w
ww
.d
ov
ep
re
ss
.c
om
/ b
y 
15
0.
23
7.
20
0.
56
 o
n 
21
-N
ov
-2
01
9
Fo
r p
er
so
na
l u
se
 o
nl
y.
Powered by TCPDF (www.tcpdf.org)
                               1 / 1
roughness, surface chemistry and surface energy.16,40–43 It has
been reported that the smaller ﬁbre diameter,16 hydrophilic
nature40 and smoother roughness41 will result in improved cell
adhesion and proliferation. The addition of WG and titanium
oxide into the PE matrix showed smaller ﬁbre diameter and
smoother surfaces which resulted in the improved cellular
viability. The periosteum in the human bone is divided into
two layer namely the ﬁbrous outer layer and the inner layer is
cambium. The ﬁbrous layer is composed of ﬁbroblasts, while
the cambium layer has progenitor cells that grow into
osteoblasts.44 Since our fabricated composites showed non-
toxic behaviour to the ﬁbroblast cells, it indicated the suit-
ability for the growth of periosteum tissue.
Conclusion
A novel bone scaffold comprising PE, WG and TiO2
was manufactured through single-stage electrospinning.
Fabricated scaffold displayed improved wettability and
thermal properties. Altered surface roughness and
improved physicochemical properties resulted in the desir-
able anticoagulant nature. Enhanced calcium deposition
and ﬁbroblast proliferation indicated its suitability for
bone tissue engineering. In the future, it would be inter-
esting to investigate the compression testing as well as
morphological studies using osteoblast cells for longer
time points which would facilitate this candidate usage in
bone tissue engineering.
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